Introduction
Photocatalytic materials are extensively studied because of their various applications such as solar hydrogen generation, reduction of carbon dioxide, degradation of volatile organic compounds, and inhibition of micro-organisms. [1] [2] [3] [4] Among various photocatalytic materials, perovskite type oxides containing d 0 type cations viz. Ti, Nb, and Ta are known to be efficient photocatalysts for water splitting reaction. 5, 6 Particularly, NaTaO 3 photocatalysts have gained significant attention as one of the most efficient photocatalytic material systems for stoichiometric water splitting under Ultra-Violet (UV) radiation. To narrow the band gap of NaTaO 3 and utilize the solar radiation, doped NaTaO 3 compounds have been recently studied. Doping of various elements such as Bi, Cu, N, and Fe has been studied to achieve visible light photocatalysis. [7] [8] [9] [10] [11] [12] Furthermore, co-doping of La-Co, La-Cr, La-Ir, and La-Fe in NaTaO 3 was shown to be successful in visible light absorption and subsequent hydrogen evolution. [12] [13] [14] [15] [16] These studies have indicated that both anion and cation doping in NaTaO 3 is useful for visible light photocatalytic applications. As pristine NaTaO 3 shows excellent photocatalytic activity under UV radiation, 17 doped NaTaO 3 is expected to show promising photocatalytic performance under visible light. Although a few doped systems are reported in the literature, the potential of NaTaO 3 as a host material is not fully explored. In order to design such systems, the effect of various dopants on the band gap of NaTaO 3 must be studied in detail. DFT based electronic structure calculations are useful in probing the band structure of doped photocatalytic systems. NaTaO 3 is known to exist in orthorhombic and monoclinic forms and the electronic structures of both lattices were studied earlier. 18, 19 Among the doped NaTaO 3 systems, a computational study on the anionic (N, F, P, Cl, and S) doping is reported by Han et al. This study shows that certain anions like N and P may be useful for visible light absorption. 20 Additionally, doping of magnetic cations such as Mn, Fe, and Co in NaTaO 3 has also been studied using DFT-PBE. 21 The band structures of semiconductors and insulators calculated by DFT have the well known problem of band gap underestimation. GGA or LDA approximations do not describe the CB (empty) states accurately. The underestimation by the GGA functional could also result in describing impurity induced electronic states incorrectly. 12 Therefore, an accurate description of the band structure of the doped photocatalyst could not be obtained by DFT calculations. These limitations of DFT could be overcome by using hybrid DFT calculations, where the band gaps are found to be close to the experimental values in certain cases. Hybrid calculations correctly assign the position of empty states and thus give an accurate description of the band structure. In our earlier work, we showed that hybrid DFT calculations provide useful insights into understanding the photocatalytic properties of La-Fe co-doped NaTaO 3 .
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Thus, the study of doped NaTaO 3 using hybrid DFT calculations is useful in designing new systems for efficient photocatalysis. In this study, detailed investigation of the band structure of mono-doped and co-doped NaTaO 3 is carried out by using DFT calculations. The effect of doping of certain anions such as N, C, and I and certain cations such as Ti, V, Cu, W, In, Sn, Sb, La, and Ce on the band structure of NaTaO 3 is investigated in detail. Along with the mono-doped NaTaO 3 structures, the effect of co-doping such as W-N, W-Ti, W-Ce, La-C, N-I, Sn-Cu, and Pb-I is also studied. The electronic structures of promising systems are studied using hybrid DFT calculations. The valence band structure, band alignment, and total energy of the above mentioned systems are discussed to identify potentially useful dopants for visible light photocatalysis.
are the PBE exchange and correlation energies, respectively. An energy cutoff of 400 eV and a Monkhorst-Pack k-point mesh of 2 Â 2 Â 3 was found to be sufficient for geometry optimization of 2 Â 2 Â 1 supercell. For the calculation of the density of states a k-point mesh of 3 Â 3 Â 4 was used. A complete geometry optimization i.e. atomic positions and lattice parameters (a, b, and c) was carried out on the pristine and doped NaTaO 3 structures. The forces on individual ions in the optimized structure were below 0.03 eV Å À1 .
Computational models
The experimentally reported structure of orthorhombic NaTaO 3 (space group no. 62 Pcmn), 24 which is commonly studied for photocatalysis, was used as initial structure (Fig. 1) . A supercell of 2 Â 2 Â 1, consisting of 80 atoms, was constructed and substitutional doping and co-doping of foreign elements were studied using this supercell. Substitution of an impurity ion at one of the cation sites accounts for 6.25% doping while a pair of co-dopants at two cationic sites accounts for doping of 12.5% by moles. Similarly anionic doping in this supercell corresponds to 1.56% of doping. In order to understand the changes in the band structure upon doping, total density of states and site projected partial density of states (s, p, and d orbitals) of pure and doped structures were plotted.
Results and discussion
3. Fig. 2 . A direct type band gap is seen from the band structure, where the minima and the maxima of the bands occur at the G point in the reciprocal lattice. The lattice parameters calculated using GGA-PBE (5.5335 Å, 5.5784 Å and 7.7869 Å) are in good agreement with the experimentally reported data. 24 
Doping of Cu
Doping of magnetic (3d) cations such as Mn, Cr, Fe, and Co in NaTaO 3 has been studied using DFT calculations as well as 21 It is known that these cations strongly influence the valence band structure of NaTaO 3 and are useful in inducing visible light absorption. However, little is known about the non-magnetic cation doping in NaTaO 3 . Dopants such as Cu, Zn, W, and Ce are commonly used to alter the electronic and optical properties of functional oxides. 25, 26 Recently, Cu doped NaTaO 3 has been reported to cause hydrogen evolution under visible light, making this system a promising visible light photocatalyst. 9 The role of Cu ions in the NaTaO 3 lattice is not well understood and our calculations shed light on the changes in the electronic structure of NaTaO 3 when Cu is doped at the Ta or Na site in the lattice. Fig. 3 shows the partial density of states of Cu doped at the Ta site in NaTaO 3 (NaTa 1Àx Cu x O 3 , x = 0.0625). Doping of Cu at the Ta site produces band-like states approximately 1.0 eV above the valence band maximum. Although the mid-gap states occur in between the band gap, these states are not occupied by electrons. Thus, for the perfect crystal of Cu doped NaTaO 3 , the energy gap between the VBM and midgap states is 1.2 eV, while the band gap between VBM and CBM is increased to 4.8 eV.
In this case, the electronic excitation from the VBM to midgap states is possible; however, it may not be suitable for the photocatalytic hydrogen generation. It is likely that the mid-gap states might get occupied by electrons due to the point defects present in the lattice. In such a case, the effective band gap (mid-gap to CBM) is estimated to be 2.3 eV. Site projected PDOS show that the mid-gap states are composed of Cu 3d and O 2p, while contributions from Ta and Na are insignificant. The electronic structure of Cu doped NaTaO 3 calculated using GGA-PBE shows that Cu 3d states appear above VBM, which are connected to the VBM. However, hybrid calculations accurately place the mid gap states around 1.0 eV above the VBM, revealing the true nature of the band structure.
The experimental report on NaTa 1Àx Cu x O 3 shows extension of the absorption spectra into the visible region and shows subsequent hydrogen evolution. 10 This result agrees with the band structure studies in the present report. The ionic radius of Cu 1+ is close to that of Na 1+ and hence doping of Cu at the Na site is possible. Therefore, we have studied the effect of Cu doping at the Na site on the band structure of NaTaO 3 . The band gap narrowing of around 1.2 eV was seen for Cu doping at Na sites as seen from the PDOS plots shown in Fig. 4 . Cu 3d induced energy states appear at 1.0 and 1.5 eV above the VBM. The mid-gap states in this case are predominantly formed by Cu 3d orbitals, while some contributions from O 2p are seen. These energy states are partially occupied and thus electronic transition from mid-gap states to CBM is possible by visible light excitation. Our calculations reveal that doping of Cu at both Na and Ta sites independently narrows the effective band gap and induces visible light absorption in NaTaO 3 . It is noted that Cu doping at the Na site produces partially occupied mid-gap states, as compared to Cu doped at the Ta site. Therefore, doping of Cu at the Na site is more promising than that of Cu at the Ta site. Earlier experimental and theoretical work on Cu doped Na 2 Ta 4 O 11 photocatalysts revealed that Cu 1+ is preferentially doped at the Na site and contributes to significant band gap narrowing. 27 These results corroborate the present findings on Cu doping at the Na site.
Doping of V, W, Ti, and Zn
Doping of V, W, Ti, and Zn at the Ta site in NaTaO 3 has been investigated in this study. It was found that V doping led to increment in the band gap by 0.2 eV. V 3d induced energy appeared at the CBM pushing the effective band edge potential to more negative values by around 0.2 eV (Fig. 5) . It is worth noting that NaVO 3 has a band gap of 3.1 eV, while doping of V at the Ta site increased the band gap of NaTaO 3 . 28 Thus, though V doping at the Ta site maintains the ionic charge balance, V doping is not useful for visible light absorption. Doping of W at the Ta site reduced the band gap by 0.6 eV, which is not useful for the visible light absorption. As shown in Fig. 6 , W 6s induced states appear below the CBM, shifting the conduction band potential to more positive values. PDOS analysis showed that newly created energy states are mainly composed of W 6s + O 2p orbitals. W doping shifts the Fermi energy at the bottom of the CBM, suggesting possible metallic behavior. Both PBE and PBE0 calculations suggest reduction in the effective band gap value by around 0.6 eV.
Our calculations revealed that doping of Ti and Zn at the Ta site does not alter the band gap significantly. Ti and Zn produced extra energy states above the VBM. The PDOS of Ti and Zn doped NaTaO 3 are shown in Fig. 7 . The band gap narrowing by Ti and Zn is limited to 0.3 and 0.15 eV, respectively. As the effect of these dopants on the band gap is negligible, these systems have not been studied by hybrid functionals. The band gaps calculated using DFT-PBE have been corrected by using a scissor operator of 1.8 eV for comparison. Fig. 8 . As the effect of these dopants on the band gap is insignificant, these systems are studied by GGA-PBE calculations. The band gap values are further corrected by applying a scissor operator of 1.8 eV. In our earlier work, we showed that doping of Bi at Na and Ta sites in NaTaO 3 induces intense visible light absorption. This effect of band gap narrowing was attributed to the lone pair of electrons in Bismuth. However, in the present p block elements studied, no significant effect on the band gap was seen. Finally, doping of La at the Na site and Ce at the Ta site in NaTaO 3 was studied. It was revealed that both Ce and La increase the band gap by 0.1 and 0.2 eV, respectively. These results are in good agreement with the earlier reports on La doped NaTaO 3 . 29 These systems are studied using GGA-PBE calculations and the band gap values are further corrected by applying a scissor operator of 1.8 eV. Fig. 9 shows PDOS of La and Ce doped NaTaO 3 . PDOS analysis shows that La 5d and Ce 4f induced energy states appear at the CBM. Although these elements do not affect the band gap of NaTaO 3 significantly, they could be used as co-dopants. Therefore, it is important to know their effect on the electronic structure of NaTaO 3 .
As the doping concentration of cations is significant (i.e. 6.25%), doping of aliovalent ions is likely to change the semiconductor/ ceramic behavior of NaTaO 3 to metallic form. However, such a change is strongly correlated with the dopant induced point defects in the lattice. It is worth noting that the present calculations are done to understand the effect of dopants on the band structure in the pristine lattice, where the effect of point defects is not studied. Representing the real structures is a complex problem and out of scope of the current work.
Doping of I, N, and C
In our earlier article, the effect of anionic doping on the band gap of NaTaO 3 was reported in detail. 30 In this article, the results of selected anions which are used as co-dopants in this study are briefly discussed. Anionic doping has been proved to be successful for inducing the visible light absorption in photocatalysts such as SrTiO 3 and TiO 2 . 31-33 N doped NaTaO 3 nanoparticles and thin films have been reported to show visible light driven photocatalytic activity. 34, 35 Recently, I doped NaTaO 3 has been studied for degradation of MB under visible light. 36 The origin of visible light absorption and the possible mechanism of photoexcitation should be investigated in new systems such as I doped NaTaO 3 . Fig. 10 shows the partial and total density of states of I, N, and C doped NaTaO 3 calculated using the hybrid functional (PBE0). PDOS plots show that doping of I, N, and C at oxygen sites reduces the effective band gap of NaTaO 3 by 0.7, 0.9, and 2.0 eV, respectively. The site projected PDOS plots of anion doped NaTaO 3 are shown in Fig. 11 . In the case of Iodine doping, I 5s induced energy states appear above the VBM, shifting the effective VB energy to more negative values. The Fermi energy in this case is at the bottom of the CB. The PDOS plots show that N doping at the O site creates electronic states composed of N 2p and O 2p above the VBM. When N doping was studied using GGA-PBE calculations, two different energy states near the VB did not appear. However, the hybrid calculations reveal the presence of two distinct energy peaks appearing above the Fig. 8 Total and partial density of states of (p block) In, Sn, and Sb doped NaTaO 3 , calculated using the GGA-PBE functional (scissor operator applied) (red s; blue p; green d, black total). VBM. Such band structures suggest that upon visible light irradiation, the electronic transition from partially filled midgap states to the CBM occurs. Thus, only the energy states near the Fermi energy are useful for visible light excitation. Experimental work on N doping in NaTaO 3 indeed shows a change in the band gap from 4.0 eV to 3.7 eV, while the tail of the UV-VIS spectra extended up to 2.25 eV. 35 PDOS plots of C doping at the O site show that C doping induces C 2p derived energy states in between the band gap. C 2p induced energy states appear above the VBM (occupied) as well as above and below the CBM (unoccupied), giving rise to effective band gap values of 2.0 and 2.8 eV respectively. Photoexcitation from occupied C 2p states to unoccupied C 2p states (2.0 eV) would occur in the presence of visible light; however the photo-excited electron would be highly localized on the C site and may not be beneficial for photoexcited reactions. On the other hand, the photoexcitation from occupied C 2p states to the CBM would prove to be useful for the photocatalytic reactions. This electronic transition corresponds to 2.8 eV. Therefore, although C doping reduces the effective band gap of NaTaO 3 , it is revealed by PBE0 calculations, that not all electronic transitions are useful for photoexcitation.
Co-doping in NaTaO 3
Passivated co-doping is one of the known strategies to narrow the band gap and maintain the ionic charge balance in a lattice. Several co-doped systems are known to improve the performance of visible light driven photocatalytic activity. 14, 37, 38 In this work, the co-doping of N-W, W-Ce, W-Ti, N-I, La-C, Cu-Sn, and Pb-I has been studied. The specific pairs of dopants are selected to maintain the ionic charge balance in a NaTaO 3 lattice. Co-doping of W and Ti and co-doping of W and Ce at the Ta site did not alter the band gap significantly. Fig. 12 shows the total DOS of W-Ti and W-Ce co-doped NaTaO 3 . In these cases, no synergistic effects were observed, indicating that these pairs are not useful for visible light absorption in NaTaO 3 .
The band gap reduction in W-Ti and W-Ce co-doped NaTaO 3 was found to be 0.5 and 0.4 eV respectively. Fig. 13 shows partial density of states of La and C doped NaTaO 3 . In this case, La is substituted at the Na site while C is substituted at the O site to nullify the dopant induced charge imbalance. Density of states show that co-doping La and C induces mid-gap states, which are Fig. 15 shows PDOS plots of N and I co-doped NaTaO 3 . Doping of N and I at the O site reduces the band gap by 0.65 eV by shifting the VBM upwards into the band gap. The newly created energy states are composed of N 2p and I 5p mixed states, while contributions from Ta 5d and O 2p were insignificant. This type of DOS indicates a weak bonding between Ta and I or Ta and N at the octahedral position. It is worth noting that individual dopants N and I reduce the band gap up to 0.9 eV, however, their cumulative effect on the band gap narrowing is significantly low.
We found that co-doping of Pb and I (at the Ta and O site respectively) also narrows the effective band gap by around 1.2 eV, allowing visible light absorption (Fig. 16) . In this case, Pb 6s induced energy states appeared below the CBM lowering the effective CBM by 0.8 eV, while I 5s induced states appeared above the VBM, pushing the VB by around 0.4 eV. These energy orbitals are strongly hybridized with Ta 5d and O 2p.
Finally, the effect of co-doping of Sn at the Ta site and Cu at the Na site was studied (PDOS in Fig. 17) . PDOS plots showed a reduction of 2.5 eV in the effective band gap value. The mid-gap energy states are located at 1.3 eV above the VB in the band gap and 0.3 eV below the CBM. These states are mainly formed by Cu 3d orbitals. PDOS analysis showed that the contributions from Sn 5p were insignificant. As compared to mono-doping of Cu at the Na site, mid-gap states are spread over a narrow energy band and are completely occupied by the electrons. In all the co-doped cases, the impurity induced electronic states are completely filled and thus electronic excitation from filled states to CBM is possible. Such photoexcitation is favorable for photocatalytic reduction reactions. 
Band diagrams and thermodynamic stability
The band edge potentials of the photocatalyst play a critical role in determining the thermodynamic possibility of the photoinduced reduction and oxidation reactions. It is known that hybrid functionals define the unoccupied band energies accurately and thus the present results provide a better understanding of the doped NaTaO 3 systems. Along with photocatalytic water splitting, photocatalytic conversion of CO 2 to hydrocarbons is of significant interest in the area of solar fuels, therefore the band edge potentials are estimated with respect to oxidation and reduction levels of water as well as reduction levels of CO 2 . Fig. 18 shows the band edge positions of co-doped NaTaO 3 systems with respect to the water reduction and oxidation levels. Pristine NaTaO 3 is known to have the CBM at À1.12 eV vs. the H 2 /H 2 O level. 10 The Fig. 19 . It is observed that certain dopants such as W at the Ta site, La at the Na site and certain co-dopant pairs such as La-C and W-Ce are thermodynamically favorable as compared to the other doped systems. These systems show lower total energy values as compared to the pristine NaTaO 3 system. Further, the total energies of Cu doping (Ta site), I doping (O site), and co-doping of Pb-I have significantly higher values than NaTaO 3 , suggesting that these dopants have a lower stability in the lattice. It is noted that doping of Cu at the Na site is favored than doping of Cu at the Ta site. As doping of Cu at the Na site is likely to induce visible light absorption in NaTaO 3 this system is promising and should be investigated further. The relative stability of the co-doped systems is assessed by calculating the defect pair binding energy according to eqn (2) .
DE b is the defect pair binding energy, E D1 is the total energy of dopant 1, E D2 is the total energy of dopant 2, E D1-D2 is the total energy of the co-doped system, and E pure is the total energy of the pristine NaTaO 3 system. All the co-doped systems showed positive values of the defect pair binding energy, which indicate that the co-dopants have a tendency to couple together in the lattice. The higher binding energy of the co-doped systems could be attributed to the donor-acceptor pairs of dopants 37 (Table 1) .
On the final note, we would like to mention that the models used in this study are ideal and do not represent the experimentally synthesized structures in a true manner. In particular, the models assume homogeneous doping in the single crystal and are limited to only one doping level. It is known that the doping levels and dopant distribution in the lattice affect the band structure significantly. However, the study of different doping levels is computationally expensive and could be done on the selected (promising) systems. Further, it is understood that the band gap and band edge potentials are basic thermodynamic criteria which decide the feasibility of the photocatalytic reactions. The photocatalytic activity strongly depends on several other factors. Factors such as electron-hole separation (exciton diffusion), charge transfer at the interface and point defects (particularly oxygen vacancy) affect the photocatalytic behavior. Therefore, the present study serves primarily as a guideline for the future work.
Conclusions
The effect of a wide range of dopants (anions: N, C and I, cations: Cu, V, W, Ti, Zn, In, Sn, Sb, La, and Ce) and co-dopants (N-W, N-I, Pb-I, La-C, Sn-Cu, W-Ti, and Ce-W) on the band structure of NaTaO 3 was studied using DFT based calculations for visible light photocatalysis. The main conclusions drawn from this study are as follows.
Electronic structure calculations show that dopants such as Cu (Ta site), Cu (Na site) and C (O site) induce visible light Fig. 18 Estimated band edge potentials of doped and co-doped NaTaO 3 systems. Fig. 19 Changes in total energy of doped NaTaO 3 with respect to pristine NaTaO 3 , energy difference in per atom energy. Doping of C, Cu at the Na site, Cu at the Ta site and co-doping of N-W and Pb-I results in promising visible light photocatalysts with their band potentials favorable for water splitting reaction.
Although co-doping of La-C and Sn-Cu induces visible light absorption, hybrid calculations reveal that the band edge potentials of these systems are not suitable for the photocatalytic water splitting reactions.
